P oultry litter is a bulky mix of mainly chicken (Gallus gallus) manure and bedding materials. It is generated in large quantities on a continuous basis in major poultry producing areas of the United States. Th is constant litter supply is managed by repeated land application to fertilize crops as an alternative to chemical fertilizers.
Poultry litter as a fertilizer has been shown to be as eff ective as or superior to conventional inorganic fertilizers for row crops (Endale et al., 2008; Mitchell and Tu, 2005; Tewolde et al., 2007b) as well as forage and pasture crops (Evers, 1998; Lucero et al., 1995) . However, repeated annual applications of litter to the same soil may have long-term crop production and environmental consequences (Kingery et al., 1994) which are not well understood.
Unlike many conventional fertilizers, poultry litter and other manures persist in the soil beyond the fi rst season of application. Conventional N fertilizers in general are water soluble and much of the N is either used by the target crop or lost to leaching or volatilization in the fi rst season, particularly in wet environments. Conventional P and K fertilizers are also as water soluble as but more persistent than N fertilizers. Not all components of poultry litter and manures are soluble in the soil solution, implying that the insoluble materials persist in the soil and aff ect crop productivity in subsequent years following the mineralization of nutrients. Th e persistence of manures in the soil longer than the same season of application is well documented for cattle (Bos taurus) manure (Eghball et al., 2004; Hao et al., 2008; Indraratne et al., 2009; Mugwira, 1979; Wallingford et al., 1975) , swine (Sus scrofa) manure (McAndrews et al., 2006) , and to some extent poultry litter (Kingery et al., 1994; Mitchell and Tu, 2005; Nyakatawa et al., 2001; Reddy et al., 2009) .
Despite the common knowledge that manures applied in 1 yr aff ect crop growth and productivity in subsequent years, the magnitude of this carryover eff ect has not been adequately studied. Additionally, whether the rate of manure applied to soils that have a short history of manure application can be reduced is not well known. Th e objective of this research was to determine and quantify the contribution of any carryover eff ect of moderate rates of poultry litter to cotton lint yield in subsequent years.
MATERIALS AND METHODS
Th is 6-yr research was conducted in 2002-2007 on a private farm in the Mississippi Delta at Cruger, MS (33º18´20˝ N, 90º14´39˝ W, 32.9 m elevation) in a Dubbs silt loam (fi ne-silty, mixed, active, thermic Typic Hapludalf) soil where cotton was grown continuously for >25 yr under conventional tillage. Th is was an expansion of research reported earlier (Tewolde et al., 2007b) .
Th e treatments included fertilization with 0, 2.2, 4.5, and 6.7 Mg ha -1 broiler litter, 4.5 Mg ha -1 litter supplemented with 67 kg ha -1 N as urea-ammonium nitrate solution (UAN), and 135 kg N ha -1 as UAN plus recommended P and K conventional fertilizers (farm standard, Std) (Table 1) . Th e plots consisted of four 119-m-long rows spaced 1.02 m apart. Th e experimental design was a randomized complete block replicated four times. Th e treatments were applied to the same plots Th e litter was surface broadcast 0 to 10 d before planting each year (Table 2 ) with a commercial fertilizer spreader equipped with ground speed-sensing radar, an electronic scale, and a rate control computer system (Barron & Brothers, Inc., Gainesville, GA) and soil incorporated on the same day of application. Chemical properties of the litter used each year are shown in Table 3 .
Th e N source for the Std (135 kg N ha -1 yr -1 ) and the L 4.5 N 67 (67 kg N ha -1 yr -1 ) treatments was UAN applied between square and fi rst fl ower stage as a sidedress using a commercial liquid fertilizer applicator equipped with coulters that opened slits about 0.15 to 0.20 m away from the row center into which the UAN solution was injected to a depth of 0.1 m. Th e Std in 2002-2007, consecutively, received 0, 20, 0, 15, 0 , and 14 kg P ha -1 as triple superphosphate (0-46-0, N-P 2 O 5 -K 2 O) and 140, 98, 93, 75, 75 , and 93 kg K ha -1 as KCl (0-0-60, N-P 2 O 5 -K 2 O). All P and K fertilizers were applied to the Std as a broadcast by hand before planting each year. Th e N, P, and K fertilization rates applied to the Std were the same rates applied to adjacent fi elds as practiced by the cooperating farmer. No treatment other than the Std received P or K fertilization in any of the 6 yr.
Cotton was planted in the second or third week of April and defoliated in the fi rst or second week of September each year (Table  2) . Th e cotton cultivars and other production practices including pest management and cultivation were chosen by the cooperating farmer as part of the farm according to local standard practices.
At the end of each season, lint yield was measured by picking the entire length of the middle two rows of each plot. Cotton in 2003-2007 was picked with a two-row spindle picker retrofi tted with a self-weighing (0.02 kg resolution) basket with gates at the bottom that allowed the dumping and transfer of weighed cotton to the main holding basket of the picker. In 2002, the cotton was picked with a one-row picker that also was equipped with a self-weighing basket. Approximately 1.0-kg samples were taken from each plot, ginned on a bench-top 10-saw gin, and lint turnout calculated as follows: Lint Turnout = 100 × lint weight/ (weight of lint + seed + trash). Th is lint turnout was used to convert the machine-picked seed cotton to lint yield.
Maximum and minimum air temperature and rainfall were recorded every 1 h on-site with a self-recording weather station. Th e maximum and minimum temperatures and rainfall records for each day were extracted from this record and the daily average temperature and total daily rainfall calculated (Fig. 1 ). Missing data due to instrument malfunction were replaced with data from a standard weather station ≈10 km from the research site.
Th e lint yield data were analyzed by subjecting to analysis of variance as a randomized complete block design using the PROC MIXED procedure of Statistical Analysis System (SAS) with fertilization treatments as the fi xed eff ect factor and replication as the random eff ect factor (Littell et al., 2002) . Data from the 3-yr (2005) (2006) (2007) residual plots were analyzed independent of (Table 1 ). All diff erences are signifi cant at P ≤ 0.05 based on LSD unless stated otherwise.
RESULTS AND DISCUSSION
Lint yield of nearly all treatments, including that of the unfertilized control (UTC), was highest in the fi rst year in 2002 (Table 4) . Th is suggests the soil at the beginning was productive even without adding fertilizers and that the 2002 season had ideal weather for cotton production. Th e 2003 and 2004 seasons were also among the highest yielding seasons when the cotton was well fertilized. Th e Std treatment produced >1600 kg ha -1 yr -1 lint in the fi rst 3 yr.
Among the 6 yr, lint yield of the Std and all other treatments was lowest in 2005 because of unfavorable weather. Air temperature in 2005 was cooler than usual beginning about 3 d aft er planting for an extended period. Th ere were 14 d with minimum temperature of <15ºC (sometimes as low as 6ºC) within the fi rst 3 wk from planting in 2005 (Fig. 1) . Th e 2005 season was also characterized by a dry June receiving only 25 mm rain the entire month. Th e cooperating farmer irrigated the fi eld about fi ve times but was only able to apply about 20 mm each time, which was probably not enough to replace evapotranspiration demands. In addition, hurricane Katrina, which caused damages of historical magnitude to cities and towns by the Gulf of Mexico, also caused substantial damage to the cotton which had been prepared for defoliation and harvest.
Litter Carryover Effect Measured on Plots with Continuous Fertilization
Th e Std treatment was one of two treatments that produced the highest lint yield in each of the 6 yr (Table 4) . Only one treatment, L 4.5 N 67 , produced lint that equaled that of the Std treatment in each of the 6 yr. Th is confi rms our earlier fi nding (Tewolde et al., 2007b ) that fertilizing cotton with 4.5 Mg ha -1 litter supplemented with 67 kg ha -1 UAN-N can replace conventional fertilization with inorganic fertilizers for cotton farmers interested in fertilizing with litter to exploit its multiple benefi ts.
Applying litter up to 6.7 Mg ha -1 yr -1 (L 6.7 ) to this soil without supplemental inorganic N increased lint yield well above that of the UTC but not equal to the yield of the Std in 2003 and 2004 (Table 4 ). In 2002, the lint yield of the L 6.7 treatment was essentially the same as the yield of the Std. Th is plus the relatively high yield of the UTC, which received no fertilization, indicate that the soil in 2002 was productive and required little fertilization. In the subsequent 2 yr (2003 and Lint yield improvement due to repeated litter application was also evident when cotton was fertilized with 4.5 Mg ha -1 litter. Lint yield of the L 4.5 treatment was less than that of the Std treatment in 4 of the 6 yr (Table 4 ). Relative to the Std, however, lint yield reduction because of the 4.5 Mg ha -1 litter treatment was smaller later than earlier in the 6-yr period. In 2003, the 4.5 Mg ha -1 litter produced about 23% less lint than the Std but the reduction was only 2% in 2006 and 10% in 2007. Th e gradual yield improvement across the 6 yr period, relative to the Std, suggests the 4.5 Mg ha -1 litter had accumulative residual eff ect on lint yield in subsequent years.
Th e L 2.2 treatment showed the least residual eff ect. Applying 2.2 Mg ha -1 litter never increased lint yield to equal that of the Std even aft er 6 yr of continued application (Table 4) . However, similar to the other rates, lint yield reduction due to the 2.2 Mg ha -1 litter relative to the Std was larger earlier than later in the research. Th e reduction was 37% in 2003 but 11% in 2006 and 34% in 2007 . Although this indicates a small residual eff ect, the results overall show that continuous application of 2.2 Mg ha -1 litter is unlikely to produce lint equal to that of the Std treatment.
Litter Carryover Effect Measured after Stopping Fertilization
Among all treatments that received no fertilization in 2005-2007, the L 4.5 N 67 -R resulted in the largest lint yield each of the 3 yr. Averaged across [2005] [2006] [2007] , this treatment produced 174 kg ha -1 or 23% more lint than the Std-R (Table 5) . Th is relatively large yield increase of the L 4.5 N 67 -R over the Std-R is attributed to benefi ts of applying 4.5 Mg ha -1 litter in the previous 3 yr (2002) (2003) (2004) . Th e L 4.5 N 67 and Std treatments produced equivalent lint yields in 2002-2004 which suggests both treatments had similar if not the same nutrient removal patterns during this period. Th e only diff erence between these two treatments was that the Std received 100% of the external N and other needed nutrients from conventional inorganic fertilizers. Th e L 6.7 -R treatment produced the second largest lint yield among the residual treatments. When averaged across the 3 yr (2005) (2006) (2007) , the L 6.7 -R treatment produced less lint than the L 4.5 N 67 -R treatment but more lint than the L 4.5 -R and Std-R treatments although the diff erences were signifi cant at P < 0.10. Like the L 4.5 treatment, the L 6.7 treatment also did not 3-yr (2002-2004) cumulative carryover plus the 6.7 Mg ha -1 litter applied in 2005 enabled the L 6.7 treatment to produce equal lint as the Std treatment in the fourth year (Table 4) .
Unlike the L 6.7 -R and the L 4.5 N 67 -R treatments, no obvious carryover eff ect of the L 2.2 -R treatment was observed. Lint yield of the L 2.2 -R treatment was equal to or less than the yield of the Std-R treatment in [2005] [2006] [2007] (Table 5) . Th is shows litter carryover eff ect is not easily detected if the cotton is under-fertilized.
Cotton in this research received nutrients from three sources depending on the treatment: soil reserve, applied litter, and applied inorganic fertilizers. All treatments at the beginning in 2002 were expected to have received the same nutrient amounts from the soil reserve. Th e nutrient amount from this source probably began to diff er among the treatments beginning in 2003. Th e level of nutrients derived from the soil reserve in treatments that received inadequate fertilization including the UTC, L 2.2 , L 4.5 likely was depleted every year. Th is was refl ected more in the lint yield of the UTC. Lint yield of the UTC which received no fertilization in any of the 6 yr declined every year from the highest in 2002 to the lowest in 2007 (Table 4) . Th is yield decline likely is due to continuous depletion of nutrients in the soil reserve pool by continuous cotton production. As in the UTC, nutrients in the soil reserve pool of L 2.2 and N 4.5 likely were also depleted continually during the 6-yr period but to a lesser degree because of the litter application. Th e nutrient reserve pool probably remained at the same level with no or little depletion from year to year if the crop is fertilized to supply nutrients equal to the amount exported by the harvested crop. Th e yield data indicated that the Std and the L 4.5 N 67 treatments supplied suffi cient nutrients to equal or exceed exported nutrients.
Overall, results of this 6-yr research under conventional tillage in the Mississippi Delta show that fertilizing cotton with poultry litter has a measurable residual eff ect aft er three annual applications when the cotton was adequately or nearly adequately fertilized with N. Similar results were reported from research in Alabama (Nyakatawa et al., 2001; Reddy et al., 2009) . Rye (Secale cereale L.) planted in the fall following cotton that had been fertilized with 200 kg ha -1 litter N had better growth than rye that followed cotton fertilized with 100 kg ha -1 ammonium nitrate N (Nyakatawa et al., 2001) . Th ey attributed the better growth of rye to residual N from gradual mineralization of litter applied to cotton. However, they applied litter-derived N at a rate twice that of the ammonium nitrate N. Th ey found little or no rye growth improvement when the cotton was fertilized with 100 kg ha -1 litter N which equaled the ammonium nitrate N fertilization.
In another research in Alabama which seemed to be a continuation of the research reported by Nyakatawa et al. (2001) , litter applied to no-till cotton had about 37% residual eff ect on subsequent corn (Zea mays L.) grain yield but did not have the same eff ect when the litter was applied to cotton under conventional or mulch tillage (Reddy et al., 2009) . Reddy et al. (2009) believe that litter N is mineralized at a faster rate and, perhaps, is less persistent if applied to conventional and mulch tillage than to no-tillage. Based on other research in Alabama, Mitchell and Tu (2005) reported a high rate of litter applied the previous year produced only about half as much cotton or corn yield as the optimum N rate applied to the current crop. Mitchell and Tu (2005) commented that the shortterm residual eff ect of litter at one of their research sites was much less than would be expected with animal manure in the midwestern or northeastern United States. We suspect that the reason that there was no measurable residual eff ect of litter in some situations in the Alabama research may be similar to what we found in our research when the litter rate was inadequate, usually ≤4.5 Mg ha -1 , to maintain soil productivity.
Some row crop farmers apply litter, usually ≤4.5 Mg ha -1 , and expect to see carryover benefi ts in subsequent years. Th e results of our research clearly show that there may not be an obvious carryover eff ect on lint yield from applying litter when the fertilization is inadequate for optimum lint yield. At best, it may take an extended period of time before the carryover eff ect can become Table 4 . large enough to aff ect yield if the initial litter is severely below the crop requirement although some carryover eff ect may take place every year. An alternative fertilization program to receive the full benefi t of manure applications, including its carryover benefi ts, may be to apply litter alone or in conjunction with inorganic fertilizers for optimum yield so that the soil nutrient reserve is not depleted beyond the original levels. Earlier, we reported fertilizing cotton with 4.5 Mg ha -1 litter supplemented with about 67 kg ha -1 UAN-N to be the best fertilization strategy in this soil (Tewolde et al., 2007b) . Th is fertilization strategy continued to be the best in this follow-up research and is our recommended practice in cotton. A carryover of 20 kg ha -1 N is small considering 6.7 Mg ha -1 litter was applied every year for three consecutive years. During this period (2002) (2003) (2004) , the L 6.7 treatment received a sum of ≈21 Mg ha -1 litter or 543 kg ha -1 total N (Table 3) . Based on plant samples taken at the end of each season, total N that accumulated in lint and seed and was exported from the soil was ≈304 kg ha -1 for the 3-yr period (Tewolde et al., 2007a) . Based on the unfertilized control treatment, a total of 183 kg ha -1 for the 3-yr period was derived from the soil reserve pool. Th us only 121 kg ha -1 of the total 543 kg ha A substantial amount of the N that did not carryover as plant available N to 2005 most likely was tied up in soil organic matter as plant residue, undecomposed litter, or soil microorganisms. At the end of each season, a 3 yr total of ≈94 kg ha -1 litter-derived total N accumulated in leaves, stems, and burs (Tewolde et al., 2007a) . Th is fraction was returned to the soil by shredding the stalks and incorporating with the soil. However, some of the unaccounted for litter N was likely lost during and aft er application by volatilization, denitrifi cation, and leaching. Th ese are fractions that were not measured in this research.
Magnitude of Litter Carryover

CONCLUSION
Th e results showed litter applied in one season has a residual eff ect on cotton production in subsequent seasons but this eff ect is small. Only about 4% of the total litter-derived N applied in the previous 3 yr was accounted for in the fourth year when 6.7 Mg ha -1 yr -1 was applied. Litter residual eff ect was less apparent on lint yield if the cotton was substantially underfertilized. Th e results overall show that repeated litter application for a few years under a conventional till system in this Mississippi Delta soil slowly improves soil productivity and indicate a potential to reduce subsequent litter rates for optimum lint yield. Th ese results also confi rm our earlier reports that fertilizing cotton with 4.5 Mg ha -1 litter supplemented with about 67 kg ha -1 inorganic N can replace conventional fertilization with inorganic fertilizers for optimum cotton yield.
